The Borrelia burgdorferi BmpA outer surface protein plays a significant role in mammalian infection by the Lyme disease spirochete and is an important antigen for the serodiagnosis of human infection. B. burgdorferi adheres to host extracellular matrix components, including laminin. The results of our studies indicate that BmpA and its three paralogous proteins, BmpB, BmpC, and BmpD, all bind to mammalian laminin. BmpA did not bind mammalian type I or type IV collagens or fibronectin. BmpA-directed antibodies significantly inhibited the adherence of live B. burgdorferi to laminin. The laminin-binding domain of BmpA was mapped to the carboxy-terminal 80 amino acids. Solubilized collagen inhibited BmpA-laminin binding, suggesting interactions through the collagen-binding domains of laminin. These results, together with previous data, indicate that BmpA and its paralogs are targets for the development of preventative and curative therapies for Lyme disease.
bmpD, and amino-and carboxy-terminal truncations of bmpA, using the genespecific primers listed in Table 1 . In order to facilitate maximal expression and solubility of recombinant proteins, all amplicons lacked the amino-terminal leader polypeptide-and lipidation site-encoding sequences (29) . Amplicons were cloned into pET200 (Invitrogen, Carlsbad, CA), and inserts were completely sequenced on both strands to ensure against the accidental introduction of mutations during cloning processes. Recombinant plasmids thus produced were transformed into Escherichia coli Rosetta(DE3)(pLysS) (Novagen, Madison, WI). Expression of polyhistidine-tagged recombinant proteins was induced by the addition of 1 mM isopropyl thiogalactopyranoside to mid-exponential-phase cultures grown at 37°C. Induced E. coli bacteria were harvested after 3 h and lysed by sonication, and debris was cleared by centrifugation. Recombinant proteins were purified from cleared lysates using MagneHis nickel-conjugated magnetic beads (Promega, Madison, WI). The purities of recombinant proteins were assessed by separation by SDS-PAGE, followed by staining with Coomassie brilliant blue. Concentrations of protein preparations were determined by a bicinchoninic acid assay (Pierce, Rockford, IL).
Assays of protein binding to laminin. Ligand affinity blot analyses were performed essentially as described previously (13, 70) . Briefly, recombinant proteins were separated by SDS-PAGE, electrotransferred to nitrocellulose membranes, and then blocked overnight at 4°C with 5% bovine serum albumin (BSA) in Tris-buffered saline-Tween 20 (TBS-T; 20 mM Tris [pH 7.5], 150 mM NaCl, 0.05% Tween 20) . Membranes were washed with TBS-T and then incubated for 1 h at room temperature with 13 mg/ml Engelbreth-Holm-Swarm (EHS) mouse sarcoma laminin (Sigma-Aldrich) in TBS-T. This source of laminin is particularly relevant to investigations of B. burgdorferi, in that mice and other rodents are natural reservoir hosts of the Lyme disease spirochete, particularly in the northeastern United States, where strain B31 was isolated (42) . After extensive washing with TBS-T, membranes were incubated for 1 h at room temperature with an affinity-isolated rabbit anti-EHS laminin polyclonal antiserum (Sigma-Aldrich), diluted 1:5,000 with TBS-T. Following a wash with TBS-T, membranes were incubated for 1 h at room temperature with horseradish peroxidase-conjugated protein G (Invitrogen), diluted 1:20,000 in TBS-T. Membranes were then developed with the SuperSignal West Pico enhanced chemiluminescence substrate (Pierce), and bands were visualized with BioMax Light film (Kodak).
For enzyme-linked immunosorbent assay (ELISA)-based binding assays, wells of Maxisorp 96-well plates (Nalge-Nunc, Rochester, NY) were coated overnight with 13 g/ml EHS laminin in 50 mM NaCO 3 (pH 9.6) at 4°C. Plates were brought to room temperature and washed three times with PBS plus 0.5% Tween 20 (PBS-T). Wells were blocked for 2 h at room temperature with 2% BSA in PBS-T and then washed three times with PBS-T. Wells were incubated for 1 h at 37°C with various concentrations of recombinant BmpA (rBmpA) in PBS-T. Following three washes with PBS-T, wells were incubated for 1 h at 37°C with a 1:500-diluted BmpA-specific rabbit polyclonal antiserum (gifts of Tom Schwan and Felipe Cabello). Plates were washed three times with PBS-T, and then wells were incubated for 1 h at room temperature with horseradish peroxidase-conjugated protein G, diluted 1:5,000. Wells were again washed three times with PBS-T; 100 l/well ready-to-use 3,3Ј,5,5Ј-tetramethyl benzidine substrate solution (1-Step Turbo TMB-ELISA; Thermo Scientific, Rockford, IL) was added; then reactions were stopped by addition of 2 N H 2 SO 4 at 50 l/well. Absorbance was read at 450 nm with a Spectramax plate reader using SoftMax Pro (Molecular Devices, Sunnyvale, CA). Statistical analyses were performed using Student's t test by assuming unequal variances.
Essentially the same ELISA protocol was followed to test the binding of other components of mammalian extracellular matrices. Human fibronectin (SigmaAldrich), murine collagen I (Sigma-Aldrich), and murine collagen IV (Santa Cruz Biotechnologies, Santa Cruz, CA) were tested, all at 20 g/ml. Wells were coated with 2 g/ml rBmpA. Binding of human proteins to rBmpA was assessed using appropriate specific primary antibodies (all from Sigma-Aldrich).
The ability of heparin (Sigma-Aldrich) or solubilized collagen (gelatin; Difco, Becton-Dickinson, Sparks, MD) to compete for the binding of laminin to BmpA was assayed essentially as previously described (35) . rBmpA was immobilized to 96-well ELISA plates (100 ng/well) and then incubated with 13 g/ml EHS laminin plus varying concentrations of either heparin (0 to 50 M) or solubilized collagen (0 to 100 g) for 1 h at 37°C. Assay wells were washed three times with PBS-T and were then incubated with a laminin-specific polyclonal antiserum (1:2,500) for 1 h at 37°C. Reaction products were developed and analyzed as described above.
Assays of the adherence of live bacteria to laminin. The effects of BmpAdirected antibodies or soluble rBmpA protein on laminin binding by live B. burgdorferi bacteria were examined microscopically. For antibody inhibition studies, Fab fragments of immunoglobulin G were generated using Fab preparation kits (Pierce).
Glass microscope slides were first thoroughly washed with deionized water and then coated by overnight incubation with 5 g/ml EHS laminin (Sigma-Aldrich) in PBS. Control slides were similarly coated with BSA. The following day, slides were washed three times with PBS and then blocked by incubation with 3% (mass/vol) BSA for 2 h at room temperature, followed by another three washes with PBS. Cultured B31-MI-16 (10 7 bacteria per ml; mid-exponential phase) was harvested by centrifugation, washed three times with PBS, and resuspended in PBS to a final concentration of 2 ϫ 10 6 bacteria/ml. For antibody inhibition studies, bacteria on slides were incubated for 30 min with purified Fab fragments added to a final concentration of 2.7 g/ml. For rBmpA inhibition studies, laminin-coated slides were incubated with 50 g/ml recombinant protein for 30 min prior to the application of bacteria. Slides were covered with suspended bacteria, incubated at 37°C for 2 h, and then gently washed 10 times with PBS. Bacteria were visualized by dark-field microscopy. Numbers of adherent bacteria observed in 10 fields per slide (magnification, ϫ200) were counted, with two slides per condition. Statistical analyses were performed using Student's t test assuming unequal variances.
RESULTS
We recently determined that the ErpX protein of B. burgdorferi type strain B31 specifically binds laminin and that cultured B. burgdorferi produces additional proteins that can also bind to laminin (13) . Proteomic tools were applied to help identify those other borrelial laminin-binding proteins. An outer membrane-enriched fraction of cultured strain B31-MI-16 was subjected to 2-dimensional electrophoresis and was then either stained with SYPRO Ruby (Fig. 1A ) or transferred to nitrocellulose membranes. Transferred proteins were examined for laminin-binding activity by ligand affinity blot analysis. Two relatively intense spots were observed, both with apparent molecular masses of approximately 40 kDa (Fig. 1B) . The ligand affinity blot was aligned with the stained gel, and the two corresponding proteins were extracted and then subjected to mass spectrometric analysis. Note that these procedures served only to identify candidate proteins. Note also that the bacterial fraction analyzed included proteins that are not surface localized in intact borreliae. For those reasons, subsequent analyses of purified proteins that are known to be surface exposed in live B. burgdorferi were used to confirm whether or not candidates were able to bind to laminin (see below). The smaller protein spot yielded the highest-probability match to the outer membrane lipoprotein BmpA, with six polypeptides spanning approximately 30% of that protein (data not shown). The location of this protein on our 2-dimensional gels is consistent with previous results (46, 47) . Analysis of the larger spot suggested that it was the FlaB component of the borrelial endoflagella. Since spirochete flagella are localized within the periplasm and are completely shielded from the external environment by the outer membrane (38) , interactions between FlaB and laminin were not studied further. Appreciably weaker interactions between laminin and OspB and OspA were also observed; however, since neither of those two borrelial proteins are produced at significant levels during normal mammalian infection (27, 45, 60, 61, 73) , those proteins also were not studied further. This particular culture of B. burgdorferi did not produce appreciable amounts of ErpX, as has been observed previously (68) , so no signal corresponding to the mass and pI of that lipoprotein was detected.
The tentative identification of BmpA as a laminin-binding protein was confirmed through studies using purified recombinant protein (rBmpA) (Fig. 2A) . First, ligand affinity blot analyses were performed, in which rBmpA was subjected to SDS-PAGE, transferred to nitrocellulose membranes, and incubated with soluble laminin, and then bound laminin was detected by use of specific antibodies and appropriate secondary antibodies. This method indicated that BmpA is indeed a laminin-binding protein (Fig. 2B) . ELISA further supported that conclusion, demonstrating saturable binding and indicating an apparent dissociation constant (K d ) for rBmpA-laminin binding of approximately 0.1 M (Fig. 2C) .
We then examined rBmpA for the ability to bind additional mammalian ECM components: fibronectin, collagen type I, and collagen type IV. Only laminin yielded ELISA signals that were significantly greater than those obtained for the control protein, BSA (Fig. 2D) .
The biological significance of BmpA as a laminin-binding protein was investigated by examining the effects of BmpAspecific antibody Fab fragments or rBmpA protein on the adherence of intact, live B. burgdorferi bacteria to laminin. As assessed by microscopic examinations, anti-BmpA antibodies significantly inhibited the adherence of intact B. burgdorferi to the laminin substrate (Fig. 3) . rBmpA also reduced borrelial adhesion, although the changes were not statistically significant. Considering that the cultured B. burgdorferi produced additional laminin-binding outer surface proteins, including OspA and OspB, these results indicate that BmpA plays a substantial role in borrelial adherence to laminin.
The laminin-binding domain of BmpA. Mutant rBmpA proteins that lacked large regions of the wild-type protein were produced (Fig. 4A) . Each truncated recombinant protein was assessed for laminin-binding activity by ligand affinity blot analyses. Three successively shorter amino-terminally truncated mutant proteins, the 233-residue rBmpA-N2, the 141-residue rBmpA-N3, and the 80-residue rBmpA-N4, all bound laminin (Fig. 4B) . In contrast, neither the 112-residue amino-terminal fragment rBmpA-C2 nor the centrally located 117-residue rBmpA-I bound the host protein (Fig. 4B) . Even with extended film exposure times (Ͼ15 min), no signals indicative of laminin binding by rBmpA-I or rBmpA-C2 were ever detected. Taken together, these data suggest that the carboxy-terminal 80 amino acids of BmpA contain all of the residues necessary for binding to laminin.
Involvement of laminin collagen-binding domains. Laminins are large, multimeric proteins containing distinctive domains through which they interact with other tissue components (20, 59) . Competition assays were performed to examine whether BmpA binds laminin through either of two major domain types: those that bind collagen (gelatin) and those that bind heparin. Addition of solubilized collagen led to dose-dependent inhibition of laminin-BmpA binding, suggesting that BmpA and collagen bind to overlapping regions of laminin (Fig. 5A) . Addition of 3.12 M heparin had a small but significant effect (P Ͻ 0.05) on BmpA-laminin binding, but increasing concentrations of heparin had no additional effects (Fig. 5B) .
BmpB, BmpC, and BmpD also bind laminin. The main chromosome of Lyme disease spirochetes contains three additional genes encoding paralogs of BmpA. Overall predicted amino acid similarities among the Bmp proteins of B. burgdorferi strain B31 range from 36 to 64% (Fig. 6A) (56) . Since BmpB, BmpC, and BmpD are also produced during mammalian infection, we produced recombinant forms of all three proteins and assessed their abilities to bind laminin. Ligand affinity blot analyses demonstrated that all four members of the Bmp family bound laminin (Fig. 6B) . burgdorferi infection (5, 18, 30, 62, 64) . Despite the apparent ubiquity of BmpA among Lyme disease spirochetes and its known expression during mammalian infection, no function had been defined for the protein prior to this work. We identified BmpA and its three paralogs, BmpB, BmpC, and BmpD, as laminin-binding proteins. This characterization may explain the results from a previous study, which found that a recombinant bacteriophage expressing a fragment of BmpD on its capsid tended to adhere to mouse tissues (2). BmpA and BmpB both play important roles during mammalian infection, as evidenced by the fact that mutants defective in either gene are unable to persistently infect mouse joints (49) . The relative importance of BmpC and BmpD has yet to be evaluated. Since those mutant bacteria retained their other bmp paralogs plus the gene for the other infection-associated laminin-binding protein, ErpX (13, 49, 52) , those results raise the possibility that borrelial laminin-binding proteins are produced at different levels in different tissues and/or that colonization of some host tissues requires synergy between adhesins. Transcription of the bmp locus involves multiple promoters and terminators (28, 55, 56) , suggestive of complex, potentially independent expression patterns for each gene. The carboxy-terminal 80 amino acids of BmpA were determined to be sufficient for adhesion to laminin. Competition studies point toward the involvement of collagen-binding domains of laminin in its interactions with BmpA. The function of the remainder of the 39-kDa BmpA lipoprotein remains to be determined. BmpA is predicted to fold in a manner similar to that of the Treponema pallidum TmpC (PnrA) lipoprotein, although the two proteins share approximately 30% identical amino acids. TmpC is hypothesized to be involved in purine transport (25) , so it is possible that BmpA may perform such a role for B. burgdorferi. Dual-function outer surface proteins, such as the B. burgdorferi p66 porin/integrin adhesin, the subgroup of B. burgdorferi Erp proteins that bind host plasminogen and complement factor H, and the Neisseria gonorrhoeae PorB porin/adhesin, are not uncommon in bacteria (1, 12, 23, 37, 40, 43, 54, 57, 67, 71) .
DISCUSSION
Redundancy of function appears to be the norm for the Lyme disease spirochete. In addition to the four laminin-binding proteins identified in the current work, the B. burgdorferi type strain also produces the unrelated ErpX laminin-binding protein (13) . As additional examples, two decorin-binding pro- Equal masses of recombinant BmpB, BmpC, and BmpD were subjected to SDS-PAGE, transferred to a nitrocellulose membrane, and then assessed for the ability to adhere to laminin by ligand affinity blot analysis. The mobilities of molecular mass markers (in kilodaltons) are given on the left. rBmpC consistently migrated more slowly on SDS-PAGE gels than the other rBmp proteins, perhaps reflecting differences in the charges of the proteins (pI values, 5.6 for rBmpB, 5.8 for rBmpD, and 8.7 for rBmpC). (10, 12, 19, 34, 41, 50) . For some of those examples, it has been shown that different borrelial proteins that adhere to the same host ligand are produced at different times during the spirochete's mammal-tick infectious cycle (15) . It remains to be seen whether that is also the case with the multiple borrelial laminin-binding proteins, or if each binding protein is produced only in certain host tissues. Studies of bmpA and bmpB mutants indicate that both encoded proteins play important roles in at least some aspects of mammalian infection. Thus, the Lyme disease spirochete laminin-binding proteins are compelling targets for the development of therapies that disrupt infection processes.
